SB 9200, an orally bioavailable dinucleotide, activates the viral sensor proteins, retinoic acid-inducible gene 1 (RIG-I) and nucleotide-binding oligomerization domain-containing protein 2 (NOD2) causing the induction of the interferon (IFN) signaling cascade for antiviral defense. The present study evaluated the overall antiviral response in woodchucks upon induction of immune response, first with SB 9200 followed by Entecavir (ETV) versus reduction of viral burden with ETV followed by SB 9200 immunomodulation. Woodchucks chronically infected with woodchuck hepatitis virus (WHV) were treated orally with SB 9200 (30 mg/kg/day) and ETV (0.5 mg/kg/day). Group 1 received ETV for 4 weeks followed by SB 9200 for 12 weeks. Group 2 received SB 9200 for 12 weeks followed by ETV for 4 weeks. At the end of treatment in Group 2, average reductions of 6.4 log 10 in serum WHV DNA and 3.3 log 10 in WHV surface antigen were observed whereas in Group 1, average reductions of 4.2 log 10 and 1.1 log 10 in viremia and antigenemia were noted. Both groups demonstrated marked reductions in hepatic WHV nucleic acid levels which were more pronounced in Group 2. Following treatment cessation and the 8-week follow-up, recrudescence of viral replication was observed in Group 1 while viral relapse in Group 2 was significantly delayed. The antiviral effects observed in both groups were associated with temporally different induction of IFN-α, IFN-β, and IFN-stimulated genes in blood and liver. These results suggest that the induction of host immune responses by pretreatment with SB 9200 followed by ETV resulted in antiviral efficacy that was superior to that obtained using the strategy of viral reduction with ETV followed by immunomodulation.
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Introduction
Chronic infection with hepatitis B virus (HBV) is a major health problem and responsible for approximately 1.2 million deaths per year worldwide [1] . It is estimated that more than 2 billion individuals have serological evidence of previous or current HBV infection, and that at least 248 million are chronic carriers of HBV [1] [2] [3] . HBV carriers are at a higher risk of developing chronic hepatitis, hepatic cirrhosis, and hepatocellular carcinoma (HCC). Although safe and effective prophylactic vaccines exist, improvements in antiviral and/or immunotherapeutic strategies for the treatment of established chronic HBV infection are urgently needed. Current antiviral therapies for chronic hepatitis B (CHB) are limited to nucleos(t)ides and interferon-alpha (IFN-α) which require prolonged administration for reducing viral load and for improving the long-term outcome of CHB, but rarely lead to a cure [4] . Use of these antivirals is further limited due to the emergence of drug-resistant variants during treatment, the risk of relapse upon treatment discontinuation, and unwarranted side effects [4] .
CHB is associated with a deficient and/or an inadequate host immune response against HBV since viral proteins interfere with the functions of cellular viral sensors such as retinoic acid-inducible gene 1 (RIG-I) and melanoma differentiation-associated protein 5 (MDA5) thereby disabling the innate and adaptive immune responses. For example, the HBV polymerase inhibits the activation of RIG-I in hepatocytes through interference with phosphorylation and nuclear translocation of IFN regulatory factor 3 (IRF3), thereby blocking the production of IFN, IFN-stimulated genes (ISGs) and antiviral cytokines. More recently, it has been reported that HBV markedly reduces IFN-β production and antiviral immunity mediated by the adapter protein, stimulator of IFN genes (STING), and to interfere with viral DNA-sensing pathways in cells [5] . The role of toll-like receptors in controlling HBV infection through innate and adaptive response has been well recognized (for a review see [6] ). Thus, immunomodulatory agents that can induce innate immune responses, suppress viral replication, and additionally shape the adaptive immune response are wanted for treatment of CHB. The immunomodulatory agents, when combined with direct acting antivirals such as nucleos(t) ides can potentially result in a durable control of infection through development of neutralizing anti-HBV antibodies thereby leading to a "functional cure" of CHB within a defined duration of treatment.
SB 9200 is a small orally bioavailable prodrug of the dinucleotide SB 9000 with antiviral activity against HBV [7, 8] , hepatitis C virus (HCV) [9, 10] , and other RNA viruses [11] . The host immune stimulating activity of SB 9200 induces endogenous IFN via the activation of the viral sensor proteins, RIG-I and nucleotide-binding oligomerization domain-containing protein 2 (NOD2) [12] . Activation is believed to occur by binding of SB 9200/SB 9000 to RIG-I and NOD2 at their nucleotide binding domains. Both cytosolic proteins usually recognize signature patterns of foreign RNA such as the pathogen-associated molecular pattern (PAMP). Once PAMP is recognized, RIG-I and NOD2 become activated resulting in the induction of the IFN signaling pathway and subsequent production of type I and III IFNs, ISGs, pro-inflammatory cytokines and antiviral immune cells [13, 14] . The direct antiviral activity of SB 9200/SB 9000 is thought to inhibit the synthesis of viral nucleic acids by steric blockage of the viral polymerase, similar to the mechanism recently described for HBV [14] . The blockage, which is independent of the IFN signaling pathway, may be achieved by binding of SB 9200/SB 9000 with RIG-I and NOD2 that associate with viral RNA and that in turn prevents the polymerase from engaging with the pre-genomic (pg) RNA template for viral replication. In CHB, however, there is a need to understand whether treatment with immunomodulatory agents should be initiated in virally suppressed patients on therapy with nucleos(t)ides or in treatment-naïve patients. With these objectives in mind, the preclinical study of SB 9200 in woodchucks was initiated to assist guiding the clinical trial design of SB 9200 in CHB patients.
The Eastern woodchuck (Marmota monax) is naturally infected with the woodchuck hepatitis virus (WHV), a hepadnavirus which is genetically closely related to human HBV [15] . Neonatal WHV infection parallels the main route of human (vertical) transmission for chronic HBV infection and displays a disease course similar to that in HBV-infected patients. Thus, chronic WHV infection in woodchucks is a fully immunocompetent model for studying CHB and HBV-induced HCC, and woodchucks have been extensively used to evaluate efficacy and safety of current and new HBV therapeutics [15] . We recently conducted a study of SB 9200 treatment in chronic WHV carrier woodchucks at two doses of 15 and 30 mg/kg/day for 12 weeks. The study demonstrated potent, dose-dependent reductions in WHV DNA and antigens in serum and liver that were associated with (or were a result of) the induction of host antiviral immune responses [12] . In the present study, the overall antiviral response in woodchucks upon induction of innate immunity was evaluated by sequential treatment with SB 9200 followed by Entecavir (ETV) versus sequential treatment with ETV followed by SB 9200.
Materials and Methods

Investigational Drugs
SB 9200 was manufactured by Spring Bank Pharmaceuticals, Inc. (Milford, MA). The structure and antiviral characteristics of SB 9200 have been previously described [7, 16] . Doses of SB 9200 were dry mixed with woodchuck diet powder (Dyets, Bethlehem, PA) and the blended drug material suspended in ultrapure water. ETV monohydrate was obtained from AstraTech Inc. (Bristol, PA). Doses of ETV were solved in ultrapure water and mixed with woodchuck diet powder. Both drugs were orally administered to woodchucks within ½ hour after preparation.
Sequential Treatment in Woodchucks
The animal protocol and all procedures involving woodchucks were approved by the IACUC of Georgetown University and adhered to the national guidelines of the Animal Welfare Act, the Guide for the Care and Use of Laboratory Animals, and the American Veterinary Medical Association. Woodchucks were monitored twice daily by husbandry staff of the Animal Facilities at Georgetown University for water and food intake, in addition to daily monitoring by veterinarians and/or animal personnel for well-being and general health. Assessment of physical condition was supported by weekly measurements of body weight and body temperature. Since hepatic tumors and HCC develop as a consequence of chronic WHV infection, woodchucks underwent weekly ultrasound examination of the liver. Monthly blood collections were performed for determination of hematology and clinical chemistry parameters, including liver enzymes such as gamma-glutamyl transferase (GGT), which is an oncogenic biomarker in this animal model and indicative of existing/growing liver tumors [17] . Woodchucks were anesthetized by intramuscular injection of ketamine (50 mg/kg) and xylazine (5 mg/kg). Prior to euthanasia, woodchucks were anesthetized as described above and euthanized by an overdose of Beuthanasia-D solution (80-100 mg/kg) administered by intracardiac injection, followed by bilateral intercostal thoracotomy.
Woodchucks used in this study were born in captivity and infected at 3 days of age with WHV. At the start of the study, woodchucks with chronic WHV infection were confirmed positive for serum WHV DNA and WHV surface antigen (WHsAg) and had undetectable antibodies to WHsAg (anti-WHs). Absence of liver tumors in animals with low GGT was confirmed by ultrasonography. Chronic WHV carrier woodchucks were assigned and stratified by gender, body weight, and by pretreatment serum markers (WHV DNA and WHsAg loads) and serum liver enzyme activities (GGT, sorbitol-dehydrogenase (SDH), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) serum levels) into two groups (n = 5 each) (Fig 1) .
Woodchucks were treated once daily, orally either with SB 9200 (30 mg/kg/day) or ETV (0.5 mg/kg/day). ETV at the selected dose was used for achieving rapid and potent suppression of WHV DNA in serum within a 4-week treatment period as also done previously in another woodchuck study [18] . Group 1 (n = 5) received ETV for 4 weeks followed by SB 9200 for 12 weeks while Group 2 (n = 5) received SB 9200 for 12 weeks followed by ETV for 4 weeks (Fig 1) . As inclusion of a placebo-treated control group was not feasible due to the paucity of chronic WHV carrier woodchucks, the effects mediated by both treatment regimens were evaluated by changes in viral and host parameters from pretreatment levels which served as the control for comparison. Two groups of 5 woodchucks each were treated once daily, orally either with SB 9200 (30 mg/kg/day) or ETV (0.5 mg/kg/day). Group 1 received ETV for 4 weeks followed by SB 9200 for 12 weeks. Group 2 received SB 9200 for 12 weeks followed by ETV for 4 weeks. WHV DNA, WHsAg and antiWHs were determined weekly in serum. Activity of liver enzymes was determined in serum collected at pretreatment (week -2 and T 0 ) and then every 4 weeks throughout the study. Host immune response (IR) gene expression was analyzed in whole blood collected at pretreatment (week -1 and T 0 ), at the end of ETV treatment (week 4: Group 1; week 16: Group 2), during SB 9200 treatment (week 6: Group 2; week 10: Group 1), at the end of SB 9200 treatment (week 12: Group 2; week 16: Group 1), during follow-up (week 20), and at the end of the study (week 24). WHV nucleic acids, WHV antigens, liver disease progression markers, and host IR gene expression were determined in liver biopsy samples collected at pretreatment (week -1), at the end of ETV treatment (week 4: Group 1; week 16: Group 2), at the end of SB 9200 treatment (week 12: Group 2; week 16: Group 1), during follow-up (week 20), and at the end of the study (week 24). Serum WHV Parameters Serum WHV DNA concentration was determined by slot blot hybridization and samples below the limit of detection were further evaluated by PCR as described [19] (Fig 1) . Serum WHsAg level and anti-WHs titer were measured by WHV-specific enzyme immunoassays as described [20] (Fig 1) .
Hepatic WHV Parameters
Hepatic levels of WHV nucleic acids were determined in liver biopsy samples as indicated in Fig 1. WHV RNA was measured by Northern blot hybridization and WHV DNA replicative intermediates (RI) and WHV covalently-closed circular (ccc) DNA were determined by Southern blot hybridization as described [19] . Liver was imunostained with antibodies against WHV core antigen (WHcAg) and WHsAg using 1:400 or 1:350 dilutions, respectively. The immunohistochemistry (IHC) scores for cytoplasmic WHcAg (cytWHcAg) and cytoplasmic or membranous WHsAg (cytWHsAg or memWHsAg) were derived from the mean of the stained hepatocyte percentage score combined with the mean of the staining intensity score. A composite IHC score of 0 indicates absence of cytWHcAg, cytWHsAg or memWHsAg in all hepatocytes (0%) whereas 8 indicates presence of strong cytWHcAg or memWHsAg staining in 81-100% or presence of strong cytWHsAg staining in 5% or more of hepatocytes. Specifically, the percentage of cytWHcAg or memWHsAg stained hepatocytes was scored on a 0-5 scale, where 0, 1, 2, 3, 4, and 5 indicate 0%, 1-20%, 21-40%, 41-60%, 61-80%, or 81-100% of cells stained, respectively. CytWHsAg was scored on a separate 0-5 scale, where 0, 1, 2, 3, 4, and 5 indicate 0%, 1%, 2%, 3%, 4%, or 5% or more of cells stained. The intensity of antigen staining was scored on a 0-3 scale, where 0, 1, 2, and 3 indicate absent, weak, moderate, or strong staining, respectively. The liver hepatitis score was derived from the mean of the lobular sinusoidal hepatitis score combined with the mean of the portal hepatitis score (n = 1-5 portal tracts examined). The composite hepatitis was scored on a 0-6 scale, where 0 = absent hepatitis, >0-2 = mild hepatitis, >2-4 = moderate hepatitis and >4 = marked to severe hepatitis. The degrees of bile duct proliferation and steatosis were scored on a 0-4 scale, where 0, 1, 2, 3 and 4 indicate absent, mild, moderate, marked, or severe disease progression.
Host Immune Response Parameters
Immune responses associated with treatment were determined by changes in the RNA transcript levels of IFN-α, IFN-β, IFN-γ-induced protein 10 (IP-10 or CXCL10), interleukin 6 (IL-6), interferon-induced 17 kDa protein (ISG15), and 2'-5'-oligoadenylate synthetase 1 (OAS1) in blood and liver using PCR and woodchuck-specific primers and probes as described [12] . Gene expression was analyzed in whole blood and in liver as indicated in Fig 1. Woodchuck 18S rRNA expression was used to normalize target gene expression. Transcription levels of target genes were calculated as a fold-change relative to pretreatment level at week -1 (liver) or at T 0 (blood) using the formula 2 -ΔΔCt .
Drug Safety Parameters
Various measurements (body weight, body temperature, clinical chemistry, and hematology) were obtained weekly to monthly for monitoring drug safety. Mortality was not observed during treatment and the remainder of the study but two woodchucks of Group 2 were euthanized during follow-up at week 20 due to the development of liver tumors.
Statistical Analyses
All parameters were compared to the values at pretreatment and between both treatment groups using unpaired Student's t-test with equal variance. P values of <0.05 were considered statistically significant. Sequential treatment with ETV followed by SB 9200 (Group 1) or with SB 9200 followed by ETV (Group 2) for a total of 16 weeks was well tolerated, and no signs of overt toxicity were observed based on gross observations, body weights, body temperatures, hematology, and clinical chemistry (data not shown). In Group 1, ETV treatment induced fast declines in serum WHV DNA in all woodchucks, and the average reduction at week 4 was 5.2 log 10 while the maximum average reduction at week 5 was 5.3 log 10 from pretreatment (Fig 2A-2C ).
Results
Sequential
Serum WHsAg also declined during ETV treatment in all woodchucks, with an average reduction of 0.7 log 10 at week 4 and of 1.0 log 10 at week 5 from pretreatment ( Fig 2D-2F ), but reductions were less pronounced and more variable in individual animals when compared to serum WHV DNA. After switching to SB 9200 treatment, WHV DNA increased Changes in serum WHV DNA (top panels) and WHsAg levels (bottom panels) relative to T 0 (pretreatment baseline) in individual woodchucks administered ETV followed by SB 9200 (A, D) or SB 9200 followed by ETV (B, E), and means of each group (C, F). At T 0 , mean WHV DNA levels were 5.48x10 10 and 8.21x10 10 WHV genomic equivalents per mL serum and mean WHsAg levels were 2.35x10 5 and 5.76x10 5 ng surface protein per mL serum in Group 1 or Group 2, respectively. Error bars represent the standard error of the mean. Mean WHV DNA and WHsAg levels in Group 1 were significantly reduced compared to pretreatment during weeks 1-19 or weeks 5-12 and weeks 14-18, respectively (all p<0.05). In Group 2, mean WHV DNA and WHsAg levels were significantly reduced from pretreatment during weeks 1-24 or weeks 2-24, respectively (all p<0.05). within the initial 7 weeks but stayed below baseline; thereafter, viremia declined again and the average reduction at the end of SB 9200 treatment was 4.2 log 10 compared to pretreatment. A comparable pattern was observed for serum WHsAg in this group, with an average reduction in antigenemia of 1.1 log 10 from pretreatment one week after the end of sequential treatment. Of note is that the kinetic of viremia and antigenemia declines following the treatment switch from ETV to SB 9200 differed in three animals. While serum WHV DNA in woodchucks M4001, M4003 and F4005 increased similar to the other two animals of this group (M4002 and F4009), serum WHsAg declined further for additional 2-3 weeks before a rebound was observed. Although the effect on WHsAg was not sustained, this apparent disconnection in the kinetics of viremia and antigenemia is unclear at the moment but could suggest an added overlapping treatment effect of SB 9200 on this viral antigen. In Group 2, SB 9200 treatment induced gradual and rather uniform declines in serum WHV DNA and WHsAg in all woodchucks, except for M4004 in which the decline in antigenemia was more pronounced (Fig 2B-2E) . At the end of SB 9200 treatment, the average reduction in WHV DNA and WHsAg was 3.6 log 10 or 1.7 log 10 , respectively, from pretreatment (Fig 2C-2F) . After switching to ETV treatment, viremia and antigenemia declined further and the average reduction observed one week after the end of treatment was 6.4 log 10 or 3.3 log 10 , respectively, compared to pretreatment. After cessation of treatment, immediate rebound in viremia and antigenemia was observed in Group 1, and WHV DNA and WHsAg returned to pretreatment within 2-6 or 3-8 weeks, respectively, indicating some variability among individual woodchucks. Recrudescence of viral replication in Group 2 was significantly delayed as viremia and antigenemia in all woodchucks never returned to pretreatment within the 8-week follow-up period and WHV DNA and WHsAg stayed 1.7 log 10 or 0.8 log 10 , respectively, below baseline at the end of the study. It is of note that serum WHsAg levels of four woodchucks of this group were near the lower limit of quantification of the ELISA assay (M4004, F4007 and M4010 at week 17 and M4008 at week 20), suggesting that continued sequential treatment beyond 16 weeks may result in much greater suppression of WHV viremia and antigenemia, including undetectable WHsAg. Overall, mean serum WHV DNA of Group 1 was significantly lower than in Group 2 during weeks 1-7 (all p<0.05). In Group 2, mean WHV DNA and WHsAg were significantly lower than in Group 1 during weeks 12-24 or weeks 13-19 and weeks 21-23, respectively (all p<0.05). As the treatment regimens at the doses and duration applied in Groups 1 and 2 were unable to produce complete and durable loss of detectable WHsAg (and WHV DNA) in woodchucks, seroconversion to anti-WHs antibodies was not observed (data not shown).
Treatment with SB 9200 Followed by ETV Resulted in more Pronounced Reduction in Hepatic Levels of WHV Nucleic Acids than Treatment with ETV Followed by SB 9200
Both treatment regimens induced marked reductions in the levels of hepatic WHV RNA, WHV cccDNA, and WHV RI DNA when compared to pretreatment (Fig 3) . Although liver biopsies could not be collected from all woodchucks of Group 2 at the end of treatment, the declines in these viral markers correlated well with the reductions in serum viremia and antigenemia (compare Figs 2 and 3) .
The average reduction of WHV RI DNA, WHV cccDNA, and WHV RNA in Group 1 after the end of ETV treatment was 0.37 log 10 , 0.22 log 10 and 0.23 log 10 from pretreatment. Due to the rapid recrudescence of WHV replication following the stop of ETV dosing and switching to SB 9200 treatment, the average decline in WHV RI DNA, WHV cccDNA, and WHV RNA at the end of the 16-week treatment period was only 0.21 log 10 , 0.10 log 10 and 0.14 log 10 from baseline in this group. In Group 2, average reduction of WHV RI DNA, WHV cccDNA, and WHV RNA after the end of SB 9200 treatment was 0.20 log 10 , 0.13 log 10 and 0.23 log 10 from pretreatment. After switching to ETV treatment WHV nucleic acid levels declined further, with an average reduction in WHV RI DNA, WHV cccDNA, and WHV RNA of 0.64 log 10 , 0.30 log 10 and 0.32 log 10 from baseline at the end of the 16-week treatment period. The overall data indicate that the antiviral effect of sequential treatment with ETV followed by SB 9200 or with SB 9200 followed by ETV was most pronounced for WHV RI DNA. After the end of treatment, rebound of WHV nucleic acids was observed in Group 1, and levels returned to pretreatment within 4-8 weeks. Rebound of WHV nucleic acids was delayed in Group 2 and levels never returned to pretreatment as WHV RI DNA, WHV cccDNA, and WHV RNA stayed 0.06 log 10 , 0.05 log 10 and 0.05 log 10 below baseline at the end of the study. Overall, mean WHV RI DNA, WHV cccDNA and WHV RNA of Group 2 were significantly lower than in Group 1 at week 16 (all p<0.05). Both treatment regimens caused transient reductions in hepatic expression of cytWHcAg, cytWHsAg, and memWHsAg from pretreatment level that were overall more pronounced and durable in Group 2 than in Group 1 (Fig 4) .
At the end of the 16-week treatment period, minor reductions for cytWHcAg and memWHsAg were only observed in woodchucks treated with SB 9200 followed by ETV but not in animals treated with ETV followed by SB 9200. Both treatment regimens, however, induced pronounced declines in cytWHsAg after 16 weeks. After cessation of treatment, cytWHcAg and memWHsAg in Group 1 increased further while cytWHsAg started to rebound. The average IHC scores for cytWHcAg and memWHsAg at the end of the study in this group were higher than those observed at pretreatment (the increase was more pronounced for cytWHcAg than memWHsAg) but stayed below baseline for cytWHsAg. Following the end of treatment in Group 2, antigen expression declined further during follow-up. At the end of the study, the average IHC scores in this group were higher (cytWHcAg) or lower (memWHsAg and cytWHsAg) than those seen at pretreatment. Overall, the mean IHC scores for cytWHcAg and memWHsAg in Group 2 were significantly lower than in Group 1 at week 20 (both p<0.05). Contrary, the mean IHC score for cytWHsAg of Group 2 was significantly higher than in Group 1 at week 16 (p<0.05).
Treatment with SB 9200 Followed by ETV or Treatment with ETV Followed by SB 9200 Slowed Down Liver Disease Progression
Both treatment regimens further correlated temporally with undetectable liver inflammation, bile duct proliferation, and steatosis in all woodchucks at the end of the 16-week treatment period (Fig 5) . After cessation of treatment, the composite scores for lobular sinusoidal and portal hepatitis increased in 1-2 woodchucks of both groups during follow-up but declined again at the end of the study.
A comparable pattern was observed for bile duct proliferation after the end of treatment which increased in the same animals across both groups during follow-up but was undetectable at the end of the study. After the cessation of treatment, steatosis in woodchucks of Group 1 stayed undetectable during follow-up but increased in one animal at the end of the study. In Group 2, steatosis transiently increased after the end of treatment in two woodchucks during follow-up and was again undetectable at the end of the study. The trend to undetectable disease markers at the end of treatment and to reduced liver inflammation, undetectable bile duct proliferation, and minimal (Group 1) or undetectable steatosis (Group 2) at the end of the study was comparable, with no statistically significant differences between the treatment regimens (p>0.05).
Serum activities of the liver enzymes SDH, AST and ALT are routinely used in chronic WHV carrier woodchucks for the biochemical assessment of hepatic injury possibly caused by antiviral treatment [17] . There was a trend towards elevated serum SDH level in Group 1, especially at the end of ETV treatment, and serum activity of this liver enzyme stayed rather high until the end of the study (Fig 6) . A transient increase in the serum levels of AST and ALT was observed at the end of SB 9200 treatment although the elevation was less pronounced for ALT.
In Group 2, all three liver enzymes were increased after 4 weeks of SB 9200 treatment although the rise in ALT was less remarkable. During the remainder of SB 9200 treatment, serum levels of SDH and AST stayed elevated and continued to increase until the end of ETV treatment; thereafter serum activity of these liver enzymes declined during follow-up despite the beginning recrudescence of viral replication and became normalized at the end of the study. On a group level, however, these differences were not statistically significant between the treatment regimens (p>0.05). Overall, there was a temporal association between antiviral response and elevated serum activity of SDH and AST, especially in Group 2, that may be indicative of the host immune response induced by sequential treatment with SB 9200 and ETV. These observations are supported by the induction of IFNs and ISGs in treated woodchucks (see below).
Treatment with SB 9200 Followed by ETV Induced Pronounced Expression Increases of Type I IFNs, Cytokine and ISGs in Blood
Sequential treatment with SB 9200 followed by ETV transiently induced the mRNA expression of type I IFNs (i.e., IFN-α and IFN-β) and the pro-inflammatory cytokine, IL-6, in blood when compared to pretreatment, at higher transcript levels than sequential treatment with ETV followed by SB 9200 (Fig 7) . Both treatment regimens also induced the expression of select antiviral ISGs (i.e., mainly CXCL10 and ISG15 but not OAS1) from pretreatment in blood, with a marked induction of ISG15 in both groups at the end of the 16-week treatment period (Fig 7) .
Induction of ISG15 was associated with transiently increased expression of CXCL10 in Group 2 but not in Group 1. While ISG15 expression was transient in Group 1 after cessation of treatment, it increased further in Group 2 during follow-up but then declined at the end of the study. Conversely, expression of CXCL10 in Group 1 increased during follow-up until the end of the study. On a group level, however, these overall differences were not statistically significant between the treatment regimens (p>0.05). Considering that ETV treatment in Group 1 failed to induce marked expression of the above genes in blood, and that SB 9200 treatment in Group 2 was associated with suppression of WHV replication, these results suggest that the induction of host innate immunity plays a crucial role in the antiviral response mediated by SB 9200. Furthermore, the more pronounced immune response observed during sequential treatment with SB 9200 followed by ETV apparently contributed to the superior antiviral effect of this treatment regimen.
Delayed Recrudescence of Viral Replication After Treatment with SB 9200 Followed by ETV was Associated with Expression Increases of Type I IFNs, Cytokine and ISGs in Liver
Both treatment regimens also induced mRNA expression of type I IFNs, cytokine and ISGs in liver although with temporal differences (Fig 8) .
Contrary to the observations in the periphery, treatment with ETV in Group 1 induced transient expression of IFN-α, IFN-β, IL-6, CXCL10, and ISG15 in liver. At the end of SB 9200 treatment in this group, transcript levels of immune response genes were reduced but increased expression of ISGs, including OAS1 that was not observed in the periphery, was noted during follow-up until the end of the study. Different to the expression of cytokines in blood which was observed during SB 9200 treatment in Group 2, IFN-α, IFN-β and IL-6 in liver transiently increased at the end of ETV treatment, with a peak during follow-up and a decline at the end of the study. Comparable to the periphery, CXCL10 expression in Group 2 increased at the end of SB 9200 treatment, and even more so at the end of the 16-week treatment period and stayed elevated thereafter. Increased expression of ISG15 and OAS1 was also seen at the end of the study. Despite these deviations, hepatic gene expression was comparable between both treatment regimens (p>0.05). Since hepatic expression of innate immune response genes in Group 2 lasted beyond the end of treatment, and peak expression of most genes was observed between follow-up and the end of the study, these results suggest that the delayed recrudescence of viral replication after sequential treatment with SB 9200 followed by ETV was (in part) a consequence of the induced host innate immunity. As viral relapse was eventually observed, the results further indicate that additional antiviral immune mechanisms contributed to the overall treatment response to SB 9200 and ETV. As mentioned above, a longer duration of treatment with SB 9200 may have resulted in more sustained virological response.
Discussion
For evaluating the overall antiviral response against HBV, chronic WHV carrier woodchucks were first treated with SB 9200 for induction of innate immune response followed by treatment with ETV for additional reduction of viral burden. The efficacy, safety, and pharmacodynamics associated with this treatment regimen were compared to treatment, first with ETV for initial rapid suppression of WHV replication followed by immune modulation with SB 9200. Induction of host immunity by pretreatment with SB 9200 followed by ETV resulted in multilog reductions in serum viremia and antigenemia (Fig 2) and in noticeable declines in hepatic WHV nucleic acids (Fig 3) and antigens (Fig 4) as well as slowed liver disease progression (Fig 5) and delayed viral relapse following treatment discontinuation, all of which was Statistically significant changes from pretreatment were not observed for the mean scores for portal and lobular sinusoidal hepatitis and for bile duct proliferation. doi:10.1371/journal.pone.0169631.g005 Changes in mean serum levels of SDH, AST and ALT in response to treatment with ETV followed by SB 9200 (A) or SB 9200 followed by ETV (B). Changes in mean serum WHV DNA relative to T 0 (pretreatment baseline) is plotted on the left y-axis. The mean serum levels of liver enzymes are plotted on the right y-axis. Error bars represent the standard error of the mean. Mean serum levels for SDH in Groups 1 and 2 were significantly higher compared to T 0 (pretreatment baseline) at weeks 4, 20 and 24 or at weeks 8, 12 and 16, respectively (all p<0.05). Mean serum level of AST in Group 2 was significantly lower compared to T 0 at week -2 (p<0.05). Mean serum level of ALT in Group 2 was significantly higher compared to week T 0 at week 16 (p<0.05).
doi:10.1371/journal.pone.0169631.g006 considered superior to the antiviral response observed when using the strategy of viral reduction with ETV followed by immune modulation with SB 9200.
During infections, viral RNA is mainly sensed by pattern-recognition receptors such as RIG-1 and NOD2 [21, 22] . Binding of these sensor proteins to PAMP within the viral RNA activates downstream signaling pathways leading to the induction of type I and type III IFNs and inflammatory cytokines [13, 23] . Thus, sensing of viral RNA is a crucial process to induce antiviral innate immune responses for limiting viral replication and for activation of adaptive immunity [23] . SB 9200 has potent antiviral activity against wild-type and drug-resistant variants of HBV [7, 8] , and also against WHV [12] . In analogy to the mechanism described for HBV [14] , it appears that the direct antiviral property of SB 9200 may involve interference of Changes in mean blood transcript levels of IFN-α, IFN-β, and IL-6 (top panels) and of CXCL10, OAS1 and ISG15 (bottom panels) in response to treatment with ETV followed by SB 9200 (A, C) or SB 9200 followed by ETV (B, D). Changes in mean serum WHV DNA relative to T 0 (pretreatment baseline) is plotted on the left y-axis. The mean blood transcript levels are plotted on the right y-axis. Error bars represent the standard error of the mean. Mean transcript levels for IFN-α in Groups 1 and 2 were significantly lower compared to T 0 (pretreatment baseline) at weeks 16 or 24, respectively (both p<0.05). Mean transcript levels for IFN-β and OAS1 in Groups 1 and 2 were significantly lower at weeks 4 or 24, respectively (all p<0.05). Mean transcript level for IL-6 in Group 1 was significantly higher at week -2 (p<0.05). Mean transcript level for CXCL10 in Group 2 was significantly higher at week 6 (p<0.05). Mean transcript level for ISG15 in Group 2 was significantly higher at weeks 12 and 24 (both p<0.05).
doi:10.1371/journal.pone.0169631.g007 the hepadnavirus polymerase to engage with the HBV or WHV pgRNA by SB 9200 activated RIG-I and NOD2. The assumption is consistent with the antiviral efficacy of SB 9200 in HBV transgenic mice, an inherently immunotolerant animal model of chronic HBV infection, in which monotherapy with SB 9200 resulted in significant reduction in liver HBV DNA that was comparable to that of Adefovir [8] . Furthermore, SB 9200 has additionally antiviral activity against RNA viruses, including, HCV, Norovirus and Respiratory Syncytial Virus [9] [10] [11] , consistent with the expectation that activation of viral sensors by this compound should be independent of the type of virus and genotypes. In woodchucks, monotherapy with SB 9200 for 12 weeks induced dose-dependent effects on WHV replication which were associated with the expression of IFN-α, IFN-β and ISGs in blood and liver, indicating that the host immune stimulating property of SB 9200 apparently is an important contributor to the overall antiviral activity of this compound [12] . Since host innate immune responses in the previous study correlated with a prolonged activation of the RIG-I/NOD2 pathway, including upregulated expression of RIG-I, NOD2, STING, and IRF3, and presence of elevated RIG-I protein in liver, this suggested that SB 9200 induces endogenous type I IFNs via the activation of viral sensor proteins. As dose-dependent recrudescence of WHV replication following discontinuation of monotherapy with SB 9200 was observed [12] , the present study tested the antiviral effects of SB 9200 during sequential treatment with ETV. The applied treatment regimen to woodchucks, involving SB 9200 in combination with a nucleos(t)ide, is considered the most likely therapeutic option of this compound for future treatment of HBV in patients.
The overall antiviral response induced by sequential treatment with SB 9200 followed by ETV in the present study was in the range of those of nucleos(t)ides previously evaluated in woodchucks. The 6.4 log 10 magnitude of viral load reduction in serum observed in Group 2 after 16 weeks of sequential treatment (Fig 2) was superior to monotherapy with Lamivudine, Emtricitabine, Tenofovir, and Adefovir after administration for 12 to 16 weeks [19] but comparable to ETV and Clevudine given for a similar duration [24, 25] . As SB 9200 has immune stimulating activity, in addition to its direct antiviral property, the maximum reduction in serum viremia was also in the range obtained with immunomodulators recently tested in woodchucks, including recombinant woodchuck IFN-α5 (only in 3 of 7 (43%) woodchucks responding to treatment), GS-9620 (a toll-like receptor 7 agonist), and ETV in combination with an antibody to programmed cell death-1 ligand 1 (anti-PD-L1) [25] [26] [27] . In contrast to monotherapy with Lamivudine, Emtricitabine, Tenofovir, and Adefovir but comparable to Clevudine, ETV alone or in combination with anti-PD-L1, and IFN-α5 in responder woodchucks, sequential treatment with SB 9200 followed by ETV resulted in marked WHsAg reduction of 3.3 log 10 (Fig 2) . Common for treatment with SB 9200 followed by ETV and for most other compounds and treatment regimens described above, except for GS-9620, ETV plus anti-PD-L1, and responder woodchucks to IFN-α5 treatment, was the viral rebound following treatment discontinuation. Furthermore, and comparable to most other compounds and combination treatment strategies (but not for GS-9620 and ETV plus anti-PD-L1), seroconversion was not observed as SB 9200 followed by ETV did not produce (sustained) loss of WHsAg.
Comparable to sequential treatment with SB 9200 followed by ETV (Fig 6) , the above compounds and treatment regimens also induced transient increases in liver enzymes in woodchucks during treatment, before serum activity of SDH and AST (and ALT) became normalized at the end of treatment. Since the SDH level in Group 2 peaked at week 4, stayed elevated until the end of the 16-week treatment period, and was temporally associated with initial and then marked reductions in serum WHsAg, hepatic WHV cccDNA, and hepatic WHcAg and WHsAg expression, the rise in this liver enzyme and its durable presence thereafter may indicate in part immune-mediated viral clearance of infected hepatocytes by cytotoxic effector cells as it has been also suggested in other treatment studies in woodchucks with immunomodulators such as IFN-α5 and GS-9620 [26, 27] . However, as liver inflammation was undetectable at the end of treatment (Fig 5) , this may further indicate that other, noncytolytic mechanism(s) contributed to the peak suppression of WHV replication as also observed during treatment with IFN-α5 and GS-9620 [26, 27] . General cytotoxicity or even adverse effects mediated by the applied treatment regimens were not noted, and the elevated serum transaminase activity was not associated with necrosis in liver (data not shown). Interestingly, the SDH level in Group 1 also peaked at week 4 at the end of ETV treatment and then stayed elevated through the SB 9200 treatment period until the end of the study but this was not associated with a comparable reduction of WHV markers in serum and liver as observed in Group 2. The rise in serum transaminase activity in this group, therefore, may indicate a different underlying cause such as mediated by a pro-inflammatory immune response rather than by cytotoxic effector cells (see below).
Considering the diminished or impaired innate immune response in chronic HBV and WHV infections [28] [29] [30] [31] , the observed peripheral and hepatic induction of IFN-α, IFN-β and ISGs such as CXCL10 and ISG15, and the pro-inflammatory cytokine, IL-6, during sequential treatment with SB 9200 followed by ETV is important because it suggests that an antiviral innate immune response was induced (Figs 7 and 8) . Since the host immunity induced in Group 2 lasted even beyond treatment, it apparently also modulated the viral rebound following treatment discontinuation. This is further supported by the observation that the immediate recrudescence of viral replication in Group 1 was not temporally associated with innate immune responses in blood and liver. Since recrudescence of viral replication following cessation of prolonged monotherapy with ETV can be variable in individual woodchucks [32, 33] , it could be argued that viral relapse from ETV treatment is itself slow, or slower than relapse from SB 9200 treatment, thereby causing the delayed rebound that was observed in Group 2. While the inclusion of control groups receiving ETV and SB 9200 alone in the present study was not possible for addressing this question, a comparison of viral rebound kinetics following 4 weeks of monotherapy with ETV [18, 33] or 12 weeks of monotherapy with SB 9200 [12] using the same doses as applied in the present study indicates that viral relapse occurs rather rapidly with either drug and that rebound from ETV treatment is not markedly slower than from SB 9200 treatment.
Considering the above result on long-lasting host immunity in Group 2, and the transient rebound of serum viremia and antigenemia in Group 1 during SB 9200 treatment after discontinuation of ETV dosing, it appears that SB 9200 needs to be administered for a certain duration before it unfolds its full immune stimulating potential. This assumption is supported by the results of the previous study in woodchucks [12] that suggest activation of the viral sensor pathway and induction of host immune response after 6-12 weeks of SB 9200 administration. Once induced by SB 9200, activation of the RIG-I/NOD2 pathway and induction of host immunity is present in woodchucks for a prolonged time. Additionally, the elevated intrahepatic levels of IFN-α, IFN-β, CXCL10, and ISG15 in Group 1 at week 4 (Fig 8) may indicate that host innate immune response was preactivated to some extent at the end of ETV treatment. Together with the increased IL-6 level in liver (Fig 8) , indicating the presence of a pro-inflammatory immune response, and the rise in serum SDH activity at this time (Fig 6) , this overall suggests that the hepatic immune environment in Group 1 was apparently different at the start of SB 9200 treatment when compared to Group 2. Since treatment with SB 9200 aims at inducing an endogenous type I IFN response via the activation of the RIG-I/NOD2 pathway, it appears that the applied immunomodulatory therapy is more efficient when innate and/or pro-inflammatory immune responses are not already activated in liver as it was the situation in Group 2. Differences in the antiviral response to IFN-α treatment that are determined by preactivation of host immune responses have been described in HCV-infected patients [34] [35] [36] .
An interesting finding of the present and previous studies in woodchucks was that the antiviral response to SB 9200, alone or followed by ETV, did not correlate well with the long-lasting hepatic expression of antiviral ISGs tested, suggesting that other immune response and/or antiviral mechanisms may play a role, especially in the peak response to treatment. This assumption is plausible considering that humans, chimpanzees, and woodchucks resolve HBV and WHV infection without inducing a strong type I IFN response [29, 31, 37] . However, there are several limitations to consider: Since only three antiviral ISGs were tested, peripheral and hepatic expression of other antiviral ISGs may be important to and correlate with treatment response. In addition, as the collection of liver biopsy materials was restricted to the begin and end of the 12-week treatment period with SB 9200, significant induction of type I IFNs and most ISGs by this compound in liver during treatment may have been missed. Furthermore, the durable expression of antiviral ISGs beyond the end of sequential treatment may not entirely attributable to SB 9200 and ETV and could additionally include an immune response of the host to the recurrence of viral replication following cessation of treatment. Since gene expression during treatment was restricted to 2-4 hours post-dose, it is likely that maximum expression of immune response genes was not detected and that peak induction may be associated with the antiviral response to SB 9200.
Conclusions
In summary, the induction of host innate immune response in woodchucks by pretreatment with SB 9200 followed by ETV administration for additional viral load reduction resulted in declines in WHV DNA, WHV RNA, and WHV proteins in blood and liver. The magnitude of suppression in WHV replication during sequential treatment and the delayed viral rebound upon treatment discontinuation were superior to the antiviral effect obtained by using the strategy of viral load reduction with ETV followed by immune modulation with SB 9200. Antiviral efficacy of SB 9200 during the latter treatment regimen may have been limited by the innate and/or pro-inflammatory immune responses already present in liver. Considering all results, it appears that an immunotherapy designed at modulating the endogenous IFN-α/ IFN-β response is more likely to be successful in a liver environment that is characterized by absent or only limited preactivation of host immune responses. These data in woodchucks, a fully immunocompetent animal model of CHB, support the ongoing Phase II clinical trials of SB 9200, alone as well as sequential, in combination studies with a nucleoside, in the treatment of chronic HBV in patients.
